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A SYSTEM FOR CALIBRATING LASER
POWER METERS FOR THE RANGE 5-1000 W

E. D. West* and L. B. Schmidt

This technical note describes the National Bureau of Stand-
ards measurement system for calibration and test of laser power
and energy devices at power levels up to 1 kW and total energies
of several kJ. The main parts of the system are two electrically
calibrated calorimeters and several beam splitters of different
materials. The estimated limits of systematic error in measure-
ments with the two calorimeters are ± 1.9% for one and ± 2.0% for
the other. The two calorimeters have the same precision, and the
standard deviation of an electrical calibration is the same as
the standard deviation of a laser energy measurement, indicating
that the laser beam does not affect the precision of the measure-
ment. The standard deviation of an energy measurement depends on
the total energy to the calorimeter and is about 0.8% at 1 kJ.

Key words: Calorimeter; laser calorimeter; laser energy;
laser power

1. GENERAL REQUIREMENT FOR A CALIBRATION SYSTEM

The main elements of our laser power, or energy, calibration system are

a laser source, a shutter for interrupting the beam, a beam splitter, a

monitor calorimeter, and a calorimeter whose response coefficient has been

evaluated. The devices to be calibrated are compared to one of these calorim-

eters by substituting the devices to be calibrated, one at a time, for one

of the calorimeters in the calibration system. A typical experimental

arrangement for calibrations is shown in the diagram in figure 1.

The basic requirement of the elements of a calibration system is

stability of their intrinsic characteristics. In a laser power meter cali-

bration the output power of the laser source must be reasonably constant

during the injection time to eliminate serious error due to averaging. The

response of both of the calorimeters to specified energy inputs must repeat,

at the predicted accuracy, to maintain the accuracy of the calibration

system. Equipping the calorimeters so that known amounts of electrical

energy can be substituted for laser energy provides a non-laser check on the

stability of their response to the electrical energy. The stability of the

beam splitter ratio — the ratio of the energies in the transmitted and the

reflected beams -- is the first consideration in selecting a beam splitter.

Long term stability of the ratio of beam splitter is assured when the re-

flecting surfaces are of high quality, and the ratio is determined by the

index of the refraction of the material.

'Presently with Calorimetrics, Inc., Boulder, Colorado.
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After the calorimeters of a system are electrically calibrated and

their absorptances are determined, the absolute beam splitter ratio is deter-

mined as an energy ratio, which is a property of the beam splitter [1]*. At
a particular wavelength the beam splitter ratio should be constant for all

combinations of calorimeters placed in the transmitted and reflected beams.

Interchanging calorimeters in this manner provides a check on the stability
of the beam splitter, and a cross-check on systematic and random errors of

the calibrating system.

The selection of the beam splitter is also influenced by the energy

ranges of the calorimeters and the power or energy output of the laser. The

energies provided in the transmitted and reflected beams must be values that

can be measured by the calorimeters to their estimated accuracy. The power,

or energy in the transmitted beam should be as large as possible if one

desires to perform calibrations near the maximum output level of the laser.

The injection time of the laser beam must be measured when power meters

are to be calibrated by comparison to a calorimeter. The method of in-

jecting the laser beam into the system must be designed to include the

measurement of this injection time and this measurement must be traceable to

a time standard.

2. THE CALIBRATING SYSTEM

NBS has developed a laser power and energy measurements system with a

5-to-1000-watt range for the calibration of devices for this power range.

The basic measurement problem is the determination of calibration factors

and their associated uncertainties in terms of power or energy as defined by

the international system of units.

The main elements of the NBS calibrating system conform to the require-

ments discussed previously. One form of an experimental arrangement for

calibrations is shown in the diagram in figure 1. The experimental arrange-

ment is the same principle as the system for lower power [2].

The laser used in the experimental arrangement of figure 1 required

that the laser beam injection time be controlled and measured external to

the laser. This was done by using a water cooled shutter to admit the laser

beam into the system for a predetermined time interval. A red helium neon

laser beam is applied to a light sensor whose output voltage triggers a time

interval counter used to measure the time. The time interval counter is

equipped with a crystal-controlled oscillator that is checked against a

100 kHz standard frequency supplied by the Time and Frequency Division of

*Figures in brackets indicate the literature references
at the end of this paper.



NBS. Another laser used with the calibration system is equipped to allow

the laser beam to be turned on for a specified time interval by an elec-

tronic gate. The time interval of the gate is measured by the above time

interval counter.

This system has been evaluated only at 10.6 urn. The beam splitters

were selected primarily for the stability of the ratio of the energies in

the transmitted and reflected beams. The power range of this system adds

further requirements in the selection of beam splitters. Beam splitters for

calibration work with 10.6 ym laser beams have been studied by Franzen [1]

.

For general use he recommends zinc selenide beam splitters, which transmit

70% of the incident beam. When greater transmission is desired, he suggests

potassium chloride beam splitters which transmit 92% of the incident power.

To extend the system capability to a new wavelength, it is necessary to

acquire the laser and measure the absorptance of the calorimeters at the

laser wavelength.

The electrically calibrated calorimeter is the element in the measure-

ment system that provides the link to the international system of units.

The standard volt and ohm have been determined in terms of the base units to

accuracies of parts per million and time measurements are accurate to parts

in 10 13
. These standards are therefore much more accurate than calorimetry

requires, and the methods of using them can be relaxed considerably in the

interest of efficiency and convenience.

The electrically calibrated calorimeter is not itself a standard.

Its relationship to energy resembles that of a potentiometer to voltage

or of a bridge to resistance. It is the means of comparing electrical

energy to laser energy.

The theory of the calorimetric measurement is summarized by two

equations [2] . The first relates the electrical or laser work W done on

the calorimeter to the energy equivalent or calibration factor E

multiplying a corrected temperature rise

W = E[T„ - T T + e f{T - T(»)}dt] , (1)

where T is the temperature observed at time t, T and T are temperatures

characterizing respectively the final and initial rating periods [3,4], the

limits of the integral are taken between the times corresponding to these

temperatures, T(<*>) is the steady-state or convergence temperature, and e

is the cooling constant. The last two quantities are obtained from the

equation

dT/dt = - e [T - T(«)] . (2)



This equation is integrated to give

T - T(») = [Tj - T(»)] exp [- e (t - t
]
.) ] (3)

for the initial rating period and a similar equation for the final rating

period with Tj and t
];

replaced by T
p

and t . The rating period data are

fit by least squares to obtain the quantities T
p , T , e and T(«) required

in eq. (1). More detailed descriptions of the measurement theory and calcu-

lations are given in [3,4].

3. THE Kl CALORIMETERS

The two electrically calibrated calorimeters in the NBS system are of

the same design, with laboratory designations Kl-1 and Kl-2. The construc-

tion of the calorimeters is illustrated by the cross-sectional diagram in

figure 2. The apparatus is 36 cm long over-all and 15 cm in diameter. The

calorimeter proper consists of a copper absorbing cavity 25 cm long by 4 cm

in diameter attached to and enclosed by a copper shield to enhance the

equivalence of the electrical and laser sources. The main thermal contact

between absorbing cavity and shield is through a copper ring soldered about

half way between the ends of the calorimeter proper. The significance of the

location of the copper ring is discussed in section 6. The calorimeter is

calibrated by means of an electrical heater wound on the outside of the

absorber and the temperature is measured with a resistance bridge, as de-

scribed by Maier [5], wound on the shield. The calorimeter proper is sup-

ported on three stainless steel tubes. These tubes are soldered to threaded

brass caps which are threaded into the temperature controlled jacket that is

1.3 cm thick. These supports are equally spaced on the perimeter of the

temperature controlled jacket. Spaces between the calorimeter proper and

the jacket and between the absorber and the shield are about 1 cm, a space

small enough to avoid convection and the associated non-linearities but large

enough to hold the thermal conductance of the air to a reasonable value.

The temperature controlled jacket is supported on three stainless steel tubes

mounted and spaced equally on the perimeter of the supporting ring. The

construction of these support tubes is similar to those mentioned above.

The temperature controlled jacket has two parallel spiral grooves cut along

its length. Another resistance-thermometer bridge and a heater are wound in

the grooves which allows temperature control of the jacket. A tube leads

into the calorimeter proper for cooling it by an air current to shorten the

cool-down time between experiments. The calorimeter proper and the jacket

are enclosed in an aluminum cover anodized black to absorb stray laser

radiation.
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The right end of the absorber is closed by a polished gold-plated
conical mirror, which reflects the incident laser power to the black-painted
wall. The mirror has an apex angle of 166° and is replaceable. It serves to

spread the incident power so that the power density will be below the damage
threshold of the 3M Nextel* black paint, about 200 W/cm2 . Care in using the

laser is necessary to keep the power density below the damage threshold of

these surfaces.

The calibrating electrical heater consists of 100 ohms of 0.25 mm
diameter manganin wire in a bifilar winding covering about 6 cm of the

absorber between the copper ring and the mirror mount. The heater is oper-

ated at power levels between 5 W and 1 kW for a total energy input of 300 J

to 3 kJ (but 1.5 kJ at 1 kW) . The copper heater leads are 0.4 mm in diameter

with a length of about 3.8 cm between the shield and the jacket. For thermal

contact the leads are attached to the shield and the surroundings with Epon

Resin 815 manufactured by Shell Chemical Co. The connection to the calorim-

eter heater is made inside the shield at the surface of the absorber.

Potential leads are attached midway between the shield and the jacket.

The resistance bridge used for temperature measurement is wound on the

shield near the copper ring. The bridge consists of two copper arms and

two manganin arms each of 100 ohms resistance at the balance temperature,

which is chosen to be just below the steady-state temperature T(°°) so that

the temperature reading is always positive. The bridge is supplied by a

20 mA current source constant to 0.005%. If the four arms are equal, the

bridge output E is given by E = 1/2 IR3AT, where I is the constant current,

R is the resistance per arm, 3 is the temperature coefficient of the copper,

and AT is the difference between the actual temperature and the temperature

at balance. The formula implies a bridge output linear with the temperature

to the extent that 3 is constant. The real question of the linearity of

the calorimeter based on the actual thermometer is discussed with the

electrical calibration data.

The temperature of the temperature-controlled jacket must be brought

to the control point before the calorimeter can be operated. The theory

requires this temperature to be invariant with time during an experiment.

If this temperature varies appreciably, the heat exchange will be incorrectly

evaluated.

The controlled temperature is sensed by a resistance bridge that is the

same type as the one used for the calorimeter-proper temperature measurement.

The bridge is fastened in a groove with Epon 815 epoxy resin. It balances

at about 43° C and is powered with 20 mA dc. The output is amplified by an

operational amplifier having a low offset voltage and gain stabilized with

*Certain materials are identified in this paper in order to specify ade-
quately the experimental procedure. In no case does such identification
imply recommendation or endorsement by the National Bureau of Standards, nor
does it imply that the material or equipment identified is necessarily the
best available for the purpose.

7



a feedback resistor. The amplified signal is fed to intermediate operational

amplifiers which provide proportional and integral (reset) control to an

output transistor. This transistor regulates the current in a 30-ft control

heater wound in a groove near the control thermometer.

The temperature is controlled to ± 0.1 mK as calculated from the gain

of the operational amplifier and the bridge parameters. Experience indicates

that temperature control is not the limiting factor in the precision of the

measurement.

The temperature-controlled jacket does not form a complete thermal

enclosure for the calorimeter proper. Some heat is transferred to the room

through the opening for the laser beam. To this extent the room is a part

of the thermodynamic surroundings. In principle, the variation in room

temperature would set a lower limit on the laser energy to be measured

accurately in isoperibol calorimeters, but we have not yet established that

temperature variation does indeed set the limit.

The output of the thermometer that measures the temperature of the

calorimeter proper is amplified by a dc amplifier linear to 0.01%. This

amplifier is epoxied to the rear cover of the temperature controlled jacket.

The output of the amplifier is read by a digital voltmeter. At 10 sec

intervals, the voltmeter reading is transferred to a data coupler and then

punched on a paper tape.

4. USE OF THE Kl CALORIMETERS

In preparing for an experiment, the dc amplifier is allowed to warm up

while the temperature control is established. About two hours after the

temperature of the temperature controlled jacket is under control the rate

of change of the temperature of the calorimeter proper in eq. (2) becomes

small enough to make a measurement. We keep the rate of change in the

initial rating period less than about ten percent of the rate of change in

the final rating period, because we believe that the increase in internal

energy can be evaluated more accurately than the heat exchange. If the

calorimeter proper is cooling rapidly in the initial rating period, the

heat exchange term for the experiment will be large.

The experiment cannot be started until the rate of change of temperature

of the calorimeter proper is small as defined above, but one hour after the

preceding experiment will usually prove more than adequate for this purpose.

In any case, this point is checked in the computer data analysis.

When one is satisfied that the temperature difference is small enough

so that eq. (2) holds, a number of data points of the thermometer response

are logged (20 to 30) and then either the electrical, or the laser input

is made. We frequently log a minimum of 31 points at 10 sec intervals.



After the input, enough points are taken to make sure that 2 to 30 points
are in the final rating period after higher order exponentials have become
negligible and eq. (2) again can be applied. The final rating period can
usually be started about 4 00 sec after the input is stopped. The computer
program [3] prints deviations of individual points from the integral form of

the eq. (2) to show that the higher order exponentials have become negligible
before the final rating period is started. The initial testing of the

calorimeters includes the determination of the data point at which the final

rating period can be started.

5. ELECTRICAL CALIBRATIONS

The electrical calibrating circuit diagram in figure 3 is based on

principles long in use in calorimetry. The diagram is included to facilitate

discussion of the errors in the measurement. Electrical calibrations are

carried out using the calorimeter-proper heater as a four-terminal resistor,

measuring the dc current in the heater, the voltage across it, and the time

the power is on. The heater current is determined from the voltage across a

standard resistor. Different standard resistors are used to accommodate

different heater currents. The voltages required for the power computation

are measured with digital voltmeters.

The power source for calibration is a dc supply operating up to 317

volts and 3.15 amps. The current is regulated to 0.1%. This regulation is

better than necessary and is a matter of convenience.

The time is read by a counter-timer with a built-in crystal-controlled

oscillator. The oscillator is checked against a 100 kHz standard frequency

supplied by the Time and Frequency Division of NBS. The timer is connected

in parallel with the calibrating heater and is triggered by the voltage

across the heater. Any leakage current in the timer is by-passed around

the standard resistor and calorimeter heater to avoid a systematic error in

the heater power.

Electrical calibrations have been carried out for two calorimeters Kl-1

and Kl-2 of the type shown in figure 2. The calibration factor E is obtained

by a least squares fit of the corrected temperature rise AT. and the energy

W. according to the equation AT. = W./E. For Kl-1, the electrical calibra-

tion is 2.262 J/mV, based on 36 electrical calibrations taken over a period
-3

of two years. The standard deviation of the mean of this factor is 1.5 x 10

or 0.066%. For Kl-2, the calibration factor is 2.276 with the standard

deviation of the mean of 0.058% based on 35 measurements over the same

period. The difference in the standard deviation is not significant

(F = 1.3 < 1.9 = F QC {35,34}. See Natrella [6], Chapter 4.)

The residuals from the straight-line fit must be examined for systematic

deviations from a straight line, indicating non-linearity. The maximum

9
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temperature rise for Kl-1 and Kl-2 is about 3°K and in this range we find

no systematic deviation from linearity.

The straight-line fit takes the energy input to be without significant

random error and calculates a standard deviation s for the corrected

temperature rise. For Kl-1, s
AT

= 3.65 mV and for Kl-2 s = 3.58 mV.

From this standard deviation by propagation of error formulas we obtain the

standard deviation of the calibration factor and the standard deviation s
E

of individual determinations of the calibration factor. The standard

deviation s depends on the energy input W according to the formula

s
£

= (E
2
/W) s

AT
. (4)

This formula is derived using Ku's propagation-of-error formulas [7]. The

quantity s„ may be looked upon as the standard deviation we would obtain if
Hi

we made a large number of measurements at the same energy input W. The

standard deviation s increases as the energy W becomes smaller. This

behavior is consistent with the physics of the measurement from which we

would expect very low energy experiments to get lost in the random error.

The standard deviation s„ is important because it is an index of the

random error of an electrical energy measurement and therefore bears on a

laser energy measurement with the calorimeter. It is taken into considera-

tion later in estimating the error in such a measurement.

Systematic errors in the electrical measurements come from the instru-

mentation of figure 3. Three different standard resistors have been used,

a nominal one ohm and two nominal one-tenth ohm. The estimated limits of

systematic error are + 0.005% for the one ohm resistor and one of one-tenth

ohm resistors and ± 0.01% for the other one-tenth ohm resistor. The voltages

are read by two digital voltmeters calibrated against a standard cell with

a guarded laboratory potentiometer. The estimated limits of systematic

error in the calibration of the voltmeters are + 0.02%. The standard cell

and the standard resistors are calibrated by the Electricity Division of NBS.

The allocation of power generated in the heater leads constitutes the

largest systematic error in the electrical calibration. The length of each

lead is 1.9 cm between the outer surface of the calorimeter proper and the

temperature-controlled jacket with voltage taps at the midpoints, but the

leads are brought through a radial hole in the 1.6 mm wall of the shield of

the calorimeter proper. The exact size of this hole is not known and the

1.6 mm distance may be too short to bypass to the shield the heat generated

in the lead between the calibrating heater and the shield. The length of

each lead from the heater to the voltage tap at the midpoint above is

6.9 cm. If this heat is equally divided between the calorimeter proper

11



and the temperature-controlled jacket, the heater voltage taps are positioned

wrong by (6.9/2) - (1.9/2) = 2.5 cm. The heater leads are 0.4 mm diameter

copper and the error corresponding to 2 x 2.5 cm is 0.34 ohm or 0.34% of an

energy input. The error is in the direction of making the observed number

of joules greater than actual. If we were confident that no heat is bypassed

to the outer calorimeter cylinder, we would correct the calibration factor

in joules per millivolt by multiplying by .9983 and estimating limits of

systematic error of ± 0.17%. If the hole in the shield is small enough,

the heat will be bypassed to the shield and the estimated systematic error

depends only on the inaccuracy of locating the voltage taps at the mid-

points and the conduction of the voltage taps themselves.

The time interval counters used to measure the time of the electrical

inputs are compared to a time standard accurate to one part in 10 with

an error of one least count or one part per million of a full-scale reading.

The timing error is therefore negligible.

The estimated limits of systematic error in an electrical calibration

are summarized in table I.

Table I. Estimated limits of systematic errors in electrical quantities.

Source of Error . Estimated Limits

Standard cell 0.005%

Calibration of digital voltmeters .04

Standard resistor .01

Heater leads .34

Time .000

Sum (rounded) .40%

Simply summing the systematic errors is a very conservative way of combining

tnem. (Propagation-of-error formulas allow summing percentages in this

case .

)

The resistance of the electrical heater provides a convenient means of

monitoring the electrical circuit, figure 3, including the precision of the

two voltmeters and the heater itself. A significant change in the heater

resistance serves as an alert to trouble, possibly in grounding of the

neater or its leads. For calorimeter Kl-1, the heater resistance is 101.12

ohms with a standard deviation of the mean of 0.07 (32 measurements). For

Kl-2, the resistance is 101.42 and the standard deviation of the mean of

0.06.

12



6. ERRORS DUE TO NON-EQUIVALENCE OF SOURCES

The energy supplied to a calorimeter is evaluated by means of the

First Law of Thermodynamics. This law equates the electrical or

electromagnetic work done on the calorimeter proper to the change in the

internal energy plus the heat transferred to the surroundings. The change

in internal energy is proportional to T
p

- T as in eq. (1) and is properly

evaluated by the techniques of section 1 independent of the location of the

source. The heat exchange term e / (T - >)dt in eq. (1) fails to take

into account the heat exchange due to higher order exponentials [4] . The

error is proportional to the input W and the constant of proportionality

depends on the geometric location of the source in the calorimeter proper.

Laser and electrical sources are therefore not exactly equivalent in the

errors they cause in accounting for heat exchanged with the surroundings.

To the extent that heat from both sources can be made to flow to the surface

of the calorimeter proper by way of the same isothermal region, this region

acts as a secondary source and makes the constant of proportionality the

same for both sources. In figure 2, the copper ring is designed to serve

as the secondary source.

To check the design and determine if the copper ring is effective,

experiments were carried out with two different heaters. A small heater was

wound on the mirror and electrical calibrations made with it were compared

to the regular electrical calibrations. The mirror location is thermally

quite different from that of the calibration heater, which is located along

the wall where the laser beam is absorbed. Heat from the mirror heater

travels farther to reach the copper ring and allows greater opportunity for

heat to bypass the ring by direct flow to the outer shield of the calorimeter

proper. Comparison of the calibrations using the two different heaters

should therefore give a worse-case estimate of the systematic error from

this source.

The wire size of the mirror heater limited the maximum power level of

the electrical calibrations to 6 W, which is at the low end of the range

for the calorimeter. As a consequence, the random errors of the data from

the mirror heater calibrations were somewhat greater than the random errors

of the data from the regular calibrations.

For calorimeter Kl-1, the comparison is based on twenty-five regular

calibration experiments, which give a mean calibration factor of 2.2609

J/mV, and a standard deviation of the mean of 0.002, and eight calibrations

with the mirror heater, which give a mean of 2.2610 and a standard deviation

of the mean of 0.007. The difference between the two calibration factors

is obviously not statistically significant. (The 99% confidence interval

is ± 0.0241.)

13



For calorimeter Kl-2, twenty-one regular calibrations give a mean of

2.2793 J/mV and a standard deviation of 0.0017; eight calibrations with the

mirror heater give 2.2736 and a standard deviation of 0.0059. The difference
between the averages is again not statistically significant (99% confidence

limits ± 0.0204)

.

The mean calibration factors used in this comparison differ slightly

from the current values given earlier. Although the conclusions reached

would be the same, we feel that the data presented better represent the

state of the measurement system at the time the mirror heater calibrations

were made.

From the preceding calculations we estimate the limits of systematic

error due to the non-equivalence of sources to be 0.0001 ± 0.0241 for Kl-1

and 0.0057 ± 0.0204 for Kl-2, where the stated errors are the 99% confidence

intervals.

7. ABSORPTANCE OF THE CAVITY

The absorptance was measured by the method of West and Schmidt [8] . In

essence, the method consists of placing an auxiliary calorimeter over the

opening in the absorbing cavity. The auxiliary calorimeter is a shallow

cup with a small hole in the center. A laser beam enters the absorbing

cavity through this hole. Laser power not absorbed by the cavity is measured

by the auxiliary calorimeter.

The reflectance 1 - a for the cavity is given by their equation

P
2
/a

2
F
2

1 " a =
P + P /a F '

(5)

1 2
/

2 2

where a is the absorptance factor of the cavity, P, is the power to the

calorimeter proper, P_ is the power to the auxiliary calorimeter, a_ is

the absorptance factor of the auxiliary calorimeter and F„ is the fraction

of radiation from the cavity that strikes the auxiliary calorimeter. F_

allows for the hole for the laser beam. The powers P, and P„ are obtained

by simultaneous solution of eqs. (6) below relating the temperature T. of

the two calorimeters to the powers through a set of four experimentally-

determined transfer functions I .

.

T
1
(t) - T

1
(-) = I

11
(t)P

1
+ I

12
(t)P

2

T
2
(t) - T

2
(-J = l

21
(t)V

1
+ I

22
(t)P

2

(6)

where T, (°°) and T„ (°°) are the temperatures in the steady state with P, = P„ =

0. The I. . are obtained by alternate electrical inputs with first P, =

then P
?

= 0. Equations (6) for a laser input can then be solved for P, and

P_, which are then used in eq. (5)
t
to obtain the effective absorptance a.
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Systematic errors arise in this procedure because: (1) The I.

.

determined electrically are not exactly those required in the laser mea-

surement. This is another aspect of the non-equivalence of sources problem.

(2) The quantities F„ and a„ have systematic errors. There will be another

systematic error because the mean of our observations will differ from the

population mean.

Equations (6) require the choice of a particular time t. To choose

this time, we consider the random errors in the I. . and a pseudo-reflectance

experiment. In table II are shown the values of the electrically determined

I. . and the standard deviations for calorimeter Kl-2 at 20 sec intervals
ID

after the power (P, or P_) is turned on. The values are averages of four

determinations. Evidently, the precision of these data improves with time

up to 100 sec.

In the pseudo-reflectance experiment, we use simultaneous inputs of

electrical power to both the auxiliary calorimeter and the calorimeter proper

to check how well eq. (5) reproduces the known ratio P
?
/(P, + P„). The

averages of two experiments are shown in table III. The known value of the

pseudo-reflectance P„/(P, + P_) is 1.45%. Evidently, the best values are

obtained for times of 100 sec or less.

On the basis of the data in tables II and III we select 100 sec as the

best time to use for calculating the absorptance. The dual electrical

experiment was not carried out for Kl-2, but it is very similar to Kl-1

both in construction and in the value obtained for the absorptance.

At t = 100 sec, the reflectance at 10.6 ym for calorimeter Kl-1 is

1.47% with a standard deviation s = 0.045 based on four measurements. The

corresponding values for Kl-2 are 1.49% and s = 0.030 based on two measure-

ments. Since the measurement is made with the same auxiliary calorimeter

and Kl-1 and Kl-2 are very similar, we pool the standard deviation to

obtain s_ = 0.042 with four degrees of freedom. The 99% confidence intervals

are 1.47 ± .19% and 1.49 ± .19% respectively.

There is another systematic error because the I . . refer to electrical

and not laser inputs. In figure 4 is a plot of I,, from table II. Excepting

the first point, these observations lie on a straight line with an intercept

at 10 sec, which represents the delay between the heater input and the

response of the thermometer. Theoretically, the data represent part of a

curve which eventually reaches a constant value for L,, but here we are

only concerned with an adequate representation of the first part of that

curve. In figure 2 the heater is located closer to the thermometer than

the absorbing surface for laser inputs. A laser ray parallel to the axis

and striking the point of the conical mirror will be reflected to the wall

8 cm from the mirror. Rays focused through an aperture in front of the

15



Table II. Summary of the I. . values for two sets of four experiments,

calorimeter Kl-2

Time *n s J
21

s X
12

s J
22

s

sec mV/W "6 mV/W % mV/W % mV/W %

20 4.6 11.0 .03 72.6 .08 115.5 1.34 .29

40 13.1 0.9 .18 29.9 .29 28.5 2.61 .19

60 21.3 3.7 .58 13.0 .58 28.4 3.77 .12

80 29.6 3.3 1.30 8.3 1.19 17.2 4.82 .10

100 38.0 1.9 2.41 5.5 2.26 12.3 5.76 .08

120 46.2 1.6 3.92 3.6 3.58 12.0 6.60 .09

140 54.8 1.1 5.86 2.7 5.22 8.2 7.35 .07

160 63.0 1.0 7.94 8.8 7.12 7.3 8.02 .08

180 71.3 1.0 11.04 1.8 9.38 6.2 8.61 .07

200 79.4 0.8 14.24 1.6 11.77 5.7 9.13 .08

220 87.8 0.8 17.83 1.4 14.48 4.6 9.59 .05

Table III. Summary of dual electrical input to Kl-1,

Time (sec)

20

60

100

140

180

220

Pseudo-Reflectance

1.46%

1.48

1.46

1.54

1.59

1.63
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Figure 4. Plot of the function I,, required to determine the effec-

tive absorptance. The solid line represents an electrical
input. The dotted line represents a possible laser
input. The difference between the two causes a systematic
error in the absorptance.
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calorimeter will strike the mirror at a greater angle of incidence and be

reflected to the wall closer to the mirror. A laser input will likely be

more remote from the thermometer than an electrical input with a cor-

respondingly greater delay, so that we would expect a line parallel to that

for the electrical input but displaced to longer times. Such a line, marked

Laser Input (estimated), has been sketched in the figure. Of course, the

actual time displacement will depend on the size and divergence of the beam

as discussed above. For example, one of our laser measurement experiments

with a large beam (^ 1 cm diameter) gives an intercept of 40 sec for a plot

of T, - T, (°°)/P,. Taking a line with the same slope as I,, but displaced

by 10 sec, we find a constant difference of 5 mV/W between I,, determined

electrically and what it might be for a small divergent beam. This smaller

value of I,, gives 1.24% for the effective reflectance at t = 100 sec,

compared to 1.46% for the electrically determined I, ,

.

To explore this problem further, we compared data taken with a different

electrical heater on calorimeter 2, figure 1 [8]. The heater used to obtain

most of the data was wound on the cylindrical surface. A second heater was

fastened to the flat surface, which would be closer to the laser input. The

values of I^p obtained with this heater were then used with the original I-,,

to obtain the effective absorptance (a = 1.38%) and with the decreased values

of I-,, to obtain a = 1.19%. Considering all cases, the calculated effective

absorptance ranges from 1.19 to 1.46%. Although both of these values are

less than 1.46%, we consider that the error might also be of the other sign

and allow a systematic error of 0.2% for the bias in the I. ..

We must also allow for the fact that the laser beams used were small

and covered only the central part of the mirror. A larger beam would be

reflected to the walls nearer the mirror and might give a different value

for the absorptance. We estimate this error to be less than 0.2%. A

better procedure for obtaining a random sample would give a better evalua-

tion of this error.

To summarize the systematic error in the absorptance measurement for

each calorimeter, we estimate ± 0.19% from the random error of the

absorptance measurement and + 0.4% for the sum of the error in the I. . and

in the sampling.
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8. COMPARISON OF Kl-1 AND Kl-2

When two calorimeters are used to measure a beam ratio as in figure 1,

the ratio is biased because of the systematic errors (6,,6
?

) in energy

measurement by each calorimeter. The true beam ratio can be obtained by

interchanging the calorimeter sub-systems so the bias between calorimeter

sub-systems can then be calculated. In this instance each calorimeter sub-

system includes a K-l calorimeter, a temperature controller, a constant cur-

rent supply, a signal amplifier, and a digital voltmeter that reads the

response of the temperature bridge. In one position the beam ratio R, is

the ratio of energies to the two calorimeters

E
l(

l + 6
1
)AT

1K
l E

2
(l + 6

2
)AT

2
(')

where the E's are the calibration factors and the AT's are the corrected

temperature rises. Reversing the calorimeters, the second ratio R„ is

E,(1+6,)At'
R. = — f (8)

E
1
(1+6

1
)AT

1

where the primes are used to indicate that the temperature rises will be

different in the two experiments. The true ratio R is equal to R, or R,

corrected for the errors, that is

E AT E AT'
R = -± ±- = -^ f . (9)

E
2
AT

2
E
1
AT

1

Multiplying expressions from eq. (7) and (8) we obtain

E, (1+6,) AT, E, (1+6,) AT,
R,R, = -± ± ±- -£ = f (10)

E
2
(1+6

2
)AT

2
E
1
(1+6

1
)AT

1

which simplifies to

AT, AT
R,R, = —- —4 (ID

AT
2

AT
X

that is, the product R-iR, I s independent of the calibration factor and its

associated error. Multiplying together the two expressions for R in eq. (9)

we obtain

AT. AT,
2 —i —4 . (12)

AT
2

AT
1
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By inspection of eqs . (11) and (12)

R = /ItjRj . (13)

Substitution in eqs. (7) from (9) gives

R
1

= R(l+6
1
)/(l+6

2
) , (14)

and similarly from eqs. (8) and (9)

R
2

= R(l+5
2
)/(l+6

1
) . (15)

From eqs. (14) and (15)

(•1 + 6, 1 + 6_
R
i - R

2 = R rrx ~ T-nr> >
(16)

which simplifies to

R
l

- R
2

26
1

+ &
±

2
- 26

2
- 6

2

2

R (1 + 6
X ) (1 + 6

2
)

(17)

For Kl-1 and Kl-2, 6 < 0.02 to 0.03, so that we can use the approximations
2

6 << 6 and 6 << 1 to obtain

R, - R
2

R
= 2

(6-l
- 6

2
) . (18)

This equation is the basis for deducing the difference in the systematic

errors of the two calorimeter sub-systems from intercomparisons using a beam

splitter.

The calorimeter sub-systems of Kl-1 and Kl-2 have been intercompared

using a gallium arsenide beam splitter. Twenty-five measurements with Kl-2

as monitor give an average ratio of 1.7919 and a standard deviation of

0.0143. Seventeen measurements with Kl-1 as monitor give an average of

1.8154 and a standard deviation of 0,0142. From eq. (18) we calculate a

difference in systematic errors of 0.65%. This difference is large enough

that we accept the statistical hypothesis that there is a real systematic

difference between the two calorimeters at the 99% confidence level. The

accuracy of the digital voltmeters are regularly monitored at NBS by equip-

ment that is traceable to the international system of units. The scale

errors of these digital voltmeters are below .01%; therefore their contribu-

tions to the systematic difference of the sub-systems are insignificant in

comparison to the total systematic difference.
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9. ERROR OF A LASER ENERGY MEASUREMENT

The over-all error is obtained by the methods of combining errors

discussed in [6]

.

The precision of a laser energy measurement is taken to be the same as

that of an electrical calibration as calculated by eq. (4) . This procedure

is justified by comparing the precision of electrical and beam splitter

experiments. Franzen [1] has made beam ratio measurements using Kl-1 and

Kl-2 with a gallium arsenide beam splitter. For a set of twenty-five mea-

surements with Kl-1 as calorimeter 1, figure 4, and Kl-2 as calorimeter 2,

Franzen observed the standard deviation of the beam ratio to be 0.80%. The

average energy to Kl-1 was 867 J and to Kl-2 481 J. Comparing the standard

deviations in per cent from these energies according to eq. (4) , we get

0.42% and 0.74% respectively for Kl-1 and Kl-2. Combining these we get

0.85% as the estimated standard deviation of a beam splitter measurement.

The observed standard deviation (0.80%) and that calculated from the elec-

trical calibrations (0.85%) do not differ significantly (F test [6]) and we

reject the hypothesis that the precision of a laser energy measurement is

different from the precision of an electrical measurement.

The systematic errors are combined in two different ways, depending on

how they were estimated. Those determined by a sampling process are combined

by root-mean-square; those estimated from calculations or otherwise are

summed. Although summing is a pessimistic method of combining errors, the

evidence is that root-mean-square combination of systematic errors of this

kind leads to over-optimistic error statements [6]

.

For calorimeter Kl-1, the error due to the non-equivalence of sources

is estimated from the difference between the calibration factors with the

regular and the mirror heater to be .0001 + .0241 at the 99% confidence

level. Taking the sum as a conservative estimate, we get .0242 t 2.2609 =

1.07%. The random component of error in the absorptance a is 0,19%. These

two are combined by root-mean-square to give 1.08%. The estimated limits of

systematic error in the electrical calibrations is ± 0.4% and the estimates

for the absorptance error are 0.2% in the I. . and 0.2% for insufficient

variation of the incident beam location. The combined estimated limits of

systematic error are ± (1.08 + 0.4 + 0.2 + 0.2) = ± 1.9% for calorimeter

Kl-1.

For calorimeter Kl-2, the non-equivalence error is 0.0057 ± .0204 or

1.21%. Combining with the 0.19% from the absorptance measurement, we get

1.22%. The other estimates are the same as for Kl-1, leading to a combined

estimate of ± 2.0%.
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We obtain the limits of error of a single measurement of energy by

adding to the estimated limits of systematic error the product ts, where the

t statistic is chosen for the 99% confidence level and the number of elec-

trical calibration experiments less one and the standard deviation s is

calculated by eq. (4) from the standard deviation sY„, also obtained from the

electrical calibration data. For a 1 kJ measurement with calorimeter Kl-1,

fcs. /W is 2.262 x 3.65 v 1000 x 100 = 0.82% and t = 2.7 for 35 degrees of

freedom and 99% confidence interval. The estimated limits of error are

± (2.7 x 0.82 + 1.9) = ± 4.1%. The corresponding numbers for Kl-2 are 0.81%

and 4.2%.
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tific and technical activities.

Handbooks—Recommended codes of engineering and
industrial practice (including safety codes) developed

in cooperation with interested industries, professional

organizations, and regulatory bodies.

Special Publications—Include proceedings of conferences

sponsored by NBS, NBS annual reports, and other

special publications appropriate to this grouping such
as wall charts, pocket cards, and bibliographies.

Applied Mathematics Series—Mathematical tables, man-
uals, and studies of special interest to physicists, engi-

neers, chemists, biologists, mathematicians, com-
puter programmers, and others engaged in scientific

and technical work.

National Standard Reference Data Series—Provides

quantitative data on the physical and chemical proper-

ties of materials, compiled from the world's literature

and critically evaluated. Developed under a world-wide
program coordinated by NBS. Program under authority

of National Standard Data Act (Public Law 90-396).

NOTE: At present the principal publication outlet for
these data is the Journal of Physical and Chemical
Reference Data (JPCRD) published quarterly for NBS
by the American Chemical Society (ACS) and the Amer-
ican Institute of Physics (AIP). Subscriptions, reprints,

and supplements available from ACS, 1155 Sixteenth
St. N.W., Wash. D. C. 20056.

Building Science Series—Disseminates technical infor-

mation developed at the Bureau on building materials,
components, systems, and whole structures. The series

presents research results, test methods, and perform-
ance criteria related to the structural and environmental
functions and the durability and safety characteristics

of building elements and systems.

Technical Notes—Studies or reports which are complete
in themselves but restrictive in their treatment of a
subject. Analogous to monographs but not so compre-
hensive in scope or definitive in treatment of the sub-

ject area. Often serve as a vehicle for final reports of

work performed at NBS under the sponsorship of other
government agencies.

Voluntary Product Standards—Developed under proce-

dures published by the Department of Commerce in Part
10, Title 15, of the Code of Federal Regulations. The
purpose of the standards is to establish nationally rec-

ognized requirements for products, and to provide all

concerned interests with a basis for common under-
standing of the characteristics of the products. NBS
administers this program as a supplement to the activi-

ties of the private sector standardizing organizations.

Consumer Information Series—Practical information,

based on NBS research and experience, covering areas

of interest to the consumer. Easily understandable lang-

uage and illustrations provide useful background knowl-
edge for shopping in today's technological marketplace.

Order above NBS publications from: Superintendent

of Documents, Government Printing Office, Washington,
D.C. 20402.

Order following NBS publications—NBSIR' s and FIPS
from the National Technical Information Services,

Springfield, Va. 22161.

Federal Information Processing Standards Publications

(FIPS PUBS)—Publications in this series collectively

constitute the Federal Information Processing Stand-

ards Register. Register serves as the official source of

information in the Federal Government regarding stand-

ards issued by NBS pursuant to the Federal Property

and Administrative Services Act of 1949 as amended,
Public Law 89-306 (79 Stat. 1127), and as implemented

by Executive Order 11717 (38 FR 12315, dated May 11,

1973) and Part 6 of Title 15 CFR (Code of Federal

Regulations).

NBS Interagency Reports (NBSIR)—A special series of

interim or final reports on work performed by NBS for

outside sponsors (both government and non-govern-

ment). In general, initial distribution is handled by the

sponsor; public distribution is by the National Techni-

cal Information Services (Springfield, Va. 22161) in

paper copy or microfiche form.

The following current-awareness and literature-survey

bibliographies are issued periodically by the Bureau:
Cryogenic Data Center Current Awareness Service. A

literature survey issued biweekly. Annual subscrip-

tion: Domestic, $20.00; Foreign, $25.00.

Liquified Natural Gas. A literature survey issued quar-

terly. Annual subscription: $20.00.

BIBLIOGRAPHIC SUBSCRIPTION SERVICES
Superconducting Devices and Materials. A literature

survey issued quarterly. Annual subscription: $20.00.

Send subscription orders and remittances for the pre-

ceding bibliographic services to National Bureau of

Standards, Cryogenic Data Center (275.02) Boulder,

Colorado 80302.
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